The oxidation of glutamic acid by avirulent strains of Brucella abortus is the most rapid respiratory process thus far studied in this species (Gerhardt et al., 1950a) . Furthermore, glutamic acid will serve as the sole source of both carbon and nitrogen for all strains of B. abortus which have been tested (Gerhardt et al., 1950b) . Glutamic acid is important in the synthesis of other amino acids by transamination (Altenbern and Housewright, 1951) , and the evidence thus far indicates that the reductive amination of a-ketoglutaric acid to glutamic acid may be the chief means of amino group synthesis.
The purpose of this study was to determine the products of the oxidation of glutamic acid and to investigate the intermediate steps.
METHODS
The conditions used in this laboratory for growing and harvesting cells of B. abortus have been reported in detail previously (Gerhardt et al., 1950a) . B. abortus, strain 11, a relatively avirulent smooth strain closely related metabolically to strain 19, was used throughout this investigation. Metabolic reactions were followed manometrically at 34 C and at pH 5.5 or 6.8 buffered with 0.067 M potassium phosphate. The cells were killed either with flowing steam or sulfuric acid and were removed by centrifugation.
Amino acids were determined by the chromatographic methods of Housewright and Thorne (1950) and of Stein and Moore (1950) , ammonia by direct nesslerization, and total nitrogen by a modification of the method of Johnson (1941) . Total carbon was determined by wet combustion (van Slyke and Folch, 1940 , as modified by Stutz and Burris, 1951) acid by colorimetric determination of the pentabromo-acetone derivative (Perlman et al., 1944) . Pyruvic acid was determined by the method of Friedemann and Haugen (1943) and was identified by chromatography of the 2,4-dinitrophenylhydrazone on paper (Warburton et al., 1951) .
RESULTS
Products of the oxidation of glutamic acid. From a comparison of gas exchange and ammonia production during the oxidation of glutamic acid with the theoretical equation for complete oxidation, it is obvious that the oxidation of glutamic acid is incomplete: (1) 1 glutamic acid + 1.8 02 --2.3 CO2 + 0.7 NH3 (observed) (2) 1 glutamic acid + 4.5 02 --5.0 CO2 + 1.0 NH3 (theory) Since the oxidation of glutamic acid is incomplete and since both 2,4-dinitrophenol and sodium azide stimulate the rate of oxidation, it appeared that glutamic acid was being assimilated oxidatively. Both sodium azide and 2,4-dinitrophenol are known to inhibit oxidative assimilation and thus stimulate oxygen uptake. Chemical analyses of the cells and of the supernatant liquid after oxidation of glutamic acid by washed cells demonstrated no appreciable assimilation of carbon or nitrogen by the cells but did show the presence of carbon and organic nitrogen in solution. Chromatographic analysis for amino acids showed that all of the glutamic acid had disappeared and the only ninhydrin positive spot had an Rf corresponding to alanine. Since glutamine has an Rf similar to alanine and thus might be confused with alanine, the supernatant liquid was hydrolyzed with 6 N HCl and again analyzed. The Rf of the ninhydrin positive spot was unchanged, and there was no evidence of glutamic acid which would have been formed from glutamine. Although the determination of Rf's on paper chromatograms and on columns of "dowex-50" is the extent of the characterization, it seems safe to conclude that alanine is one end product of the oxidation of glutamic acid.
Estimations of the amounts of alanine, ammonia, and carbon dioxide produced accounted for almost all of the nitrogen, but a large portion of the carbon of glutamic acid was not recovered. This result indicated the presence of some nonnitrogenous compound. Determination of keto acids demonstrated the formation of approximately 0.3 moles of pyruvic acid per mole of glutamic acid. The pyruvic acid was characterized by the isolation of the 2,4-dinitrophenylhydrazone and by chromatographic comparison of this derivative with authentic keto acid 2,4-dinitrophenylhydrazones. Carbon dioxide, ammonia, pyruvic acid, and alanine account for almost all of the carbon and nitrogen of the glutamic acid oxidized (table 1) . Smaller amounts of other products also may be formed.
After the products of oxidation of glutamic acid were identified, the following scheme for the mechanism of the oxidation was postulated: the gas phase. Each vessel contained approximately 1 mg cell nitrogen and 500 micromoles of substrate in a final volume of 3.0 ml. After incubation the supernatants were analyzed chromatographically for amino acids. The results demonstrated an active glutamic-alanine transaminase confirming the findings of Altenbern and Housewright (1951) with strain 19. inhibitor-s were used in an attempt to block the oxidation of a-ketoglutaric acid so that the first step in the oxidation of glutamiec acid could be studied; however, ther-e is almost complete inhibition of both oxygen uptake and ammonia production. Concentr-ations of arsenite which cause only partial inhibition did not result in the accumulation of a-ketoglutarie acid. Apparently the fiirst step in the reaction is most sensitive to these inhibitors.
Inhibition of the oxidlation of succinic acid, the next step in the proposed scheme, also has been attempted. The dehydrogenation of succinic acid by intact cells of B. abortus is not inhibited by malonic acid; however, after extraction of the cells with cold acetone or toluene, preparations are obtained which rapidly reduce methylene blue with glutamic or succinic acids as substrates. The dehydrogenation of succinic acid by extracted cells is inhibited by malonic acid. Unfortunately, these preparations appear to be incapable of using oxygen as a hydrogen acceptor.
Recently, Altenbern and Housewright (1952) have shown that fluoroacetic acid causes the accumulation of citric acid during the oxidation of intermediates of the tricarboxylic acid cycle by resting cells of B. abortus, strain 19. Figure 3 shows the effect of fluoroacetic acid on the oxidation of glutamic acid by B. abortus, strain 11. In the presence of the inhibitor the rate of oxidation is slightly depressed; however, after the break in initial rate of oxidation, gas exchange in the presence of the inhibitor is quite low. Citric acid accumulates, and the accumulation of pyruvic acid increases. It appears that fluoroacetate partially inhibits the oxidation of accumulated C3 acids. This contention is supported by the finding that the oxidation of lactic acid is greatly suppressed by fluoroacetic acid with the accumulation of citric acid.
DISCUSSION
The scheme proposed for the oxidation of glutamic acid by B. abortus, strain 11, contains the assumption that at least part of the tricarboxylic acid cycle is operative in B. abortus. (Goodlow et al., 1950) .
Transamination between glutamic acid and pyruvic acid is one means of alanine formation by resting cells of B. abortus (Altenbern and Housewright, 1951) . This reaction has been demonstrated in B. abortus, strain 11, under anaerobic conditions with both amino and keto acids added. The data obtained by carrying out the oxidation of glutamic acid in the presence of isotopic ammonia indicate that both glutamic acid and free ammonium ions are precursors of the amino group of alanine. The incorporation of isotopic ammonia into alanine occurs both directly and by exchange between ammonia and glutamic acid followed by transamination between glutamic acid and pyruvic acid.
The synthesis of glutamic acid during the oxidation of a-ketoglutaric in the presence of ammonia strongly suggests direct amination of this keto acid. Still et al. (1950) obtained synthesis of glutamic acid with mitochondrial preparations under similar conditions. These investigators also reported no amino group synthesis during the oxidation of succinic acid in the presence of ammonia. Although we failed to detect the formation of alanine during the oxidation of precursors of pyruvic acid in the presence of ammonia, the evidence obtained with isotopic ammonia and the report of Altenbern and Housewright (1951) indicate that direct amination of pyruvic acid occurs in B. abortus.
SUMMARY
Glutamic acid is oxidized to pyruvic acid, alanine, carbon dioxide, and ammonia by Brucella abortus, strain 11. Pyruvic acid also accumulates during the oxidation of succinic and malic acids which may be intermediates in the oxidation of glutamic acid. Evidence obtained with N"5-ammonia shows that alanine formed during the oxidation of glutamic acid contains more N1' than glutamic acid but much less N'5 than ammonia. This is presumptive evidence for two mechanisms of alanine synthesis: transamination and direct amination.
